It is generally accepted that field orientation, in one of its many forms, is the most promising control method for high dynamic performance AC drives. In particular, for induction motors indirect field oriented control is a simple and highly reliable scheme which has become an industry standard. In spite of its widespread popularity no rigorous stability proof for this controller was available in the literature. In a recent paper [15] we have shown that, in speed regulation tasks with constant load torque and current fed machines, indirect field oriented control is globally asymptotically stable provided the motor rotor resistance is exactly known. It is well known that this parameter is subject to significant changes during the machine operation, hence the question of the robustness of this stability result remained to be established. In this paper we provide some answers to this question. First, we give necessary and sufficient conditions for uniqueness of the equilibrium point of the (nonlinear) closed loop, which interestingly enough allow for a 200% error in the rotor resistance estimate. Then, we give conditions on the motor and controller parameters, and the speed and rotor flux norm reference values that insure either global boundedness of all solutions, or (global or local) asymptotic stability or instability of the equilibrium. The analysis is carried out using classical Lyapunov stability theory and some basic input-output theory.
Problem formuation
We carry out in this paper the stability analysis of an indirect field oriented controller (FOC) that regulates the velocity and the rotor flux norm of a current fed induction motor in the presence of an unknown constant load torque and rotor resistance uncertainty. For further details and motivation of induction motors and FOC the reader is refered to [2] , [9] , in the electrical machines literature, and to [l] , [15] , [17] in the control journals.
The dynamic model of the current fed induction motor in its simplest formulation expresses the rotor flux and the stator currents in a reference frame rotating at the rotor angular speed'
where
To simplify the expressions below, and without loss of generality for the purposes of this study, all motor parameters have been set to unity except the rotor resistance and the load torque, which are assumed constant but unknown. In summary, the closed loop is described by a fourth order nonlinear autonomous system, whose block diagram description is given in Fig. 1 .
The problems we solve in this paper are formulated as follows: Stability analysis of indirect FOC Given the motor model (1),(2),(3) in closed loop with the indirect FOC (4), (5), (6) (5) shows that the desired torque is proportional to the slip speed.
o It is interesting to remark that indirect FOG is obtained as a particular case of the passivitybased controller first proposed in [12] when the stator current dynamics are neglected.
0 For the known parameter case, GAS of indirect FOC has been proved in [15] .
The remaining of the paper is organized as follows. In section 2 we then represent the closed loop as the feedback interconnection of a linear time invariant (LTI) system and a sector bounded nonlinearity. This allows us, invoking the small gain theorem [5] , to derive simple conditions of global boundedness. Necessary and sufficient conditions for uniqueness of equilibrium are given in section 3. Finally, conditions for local and global asymptotic stability are derived using Lyapunov techniques in sections 4 and 5 respectively.
Global boundedness: Input-output approach
In this section we use input-output techniques to derive sufficient conditions that ensure all signals of the closed loop remain uniformly bounded. The result is established showing that the closed loop system can be viewed as a feedback interconnection of an LTI system and a nonlinear sector bounded gain whose inputs are in C,, where .Cm The proof of the proposition, being a little technical and very lengthy, has not been included. Now, we state a corollary whose proof follows inmediately from the C , small gain theorem and the fact that the C , gain of G ( p ) equals k. 
Coordinate changes and uniqueness of equilibrium
To carry out the asymptotic stability analysis in the general case we find convenient to work with a state space representation of the system, and introduce some coordinate transformations. First, let us define the (nonlinear) coordinate transformation
This results in the following dynamic model.
v = (7)
-R,
Now, we shift the equilibrium to the origin. To this end, we define the new coordinates w = U--V where 6 E R4 is an equilibrium of (7). Below we will show that, for all practical purposes, the equilibrium is unique. The transformed dynamic model becomes
1 Now we will prove the following.
Proposition 4.1
The equilibria of (7) are independent of K p , K I . The actual proof is not given here. It is based on the calculation of real roots of the third-order polynomial
In the polynomial, TL enters linearly, which permits the application of the root locus technique to
Global asymptotic stability
In this section we will investigate GAS of the equilibrium using Lyapunov's second method. Namely, we will construct Lyapunov functions of the form 1 2
V ( w ) = -WTPW
where P is a positive definite symmetric constant matrix. To select P we first find positive semidefinite matrices Pi that lead to expressions without cubac terms in the derivative of V . Second, linear combinations of these positive semi-definite matrices are constructed that lead to a negativedefinite V ( w ) . Finally, the positive definiteness of P is checked.
To illustrate the procedure we first construct a
Lyapunov function for the case where R, = &. Then, we treat the case when TL = 0, R, # &.,
and derive a sufficient condition on R r for GAS.
Finally, the general case, is illustrated with a numerical example.
Positive semi-definite matrices to avoid cubic terms To construct our Lyapunov-function candidate V ( w ) = wT P W , we can only use for P linear combinations of the following positive semi-definite matrices P,, i = 1, . . . , 4 . 
The function Vb(w) is positive definite and its derivative is negative definite, therefore it is a strict Lyapunov function for R, = Rr . 
Conclusions
We have shown that the widely used indirect field oriented control is globally asymptotically stable if the estimated rotor resistance estimate is estimated close enough to the real value. Unique equilibria are guaranteed if the estimated rotor resistance is within a 200% error range. Also, all signals in the system remain uniformly bounded if the estimated rotor resistance is within a 100% error range. The system becomes locally unstable if the rotor resistance is overest~imated and a large integral gain is used. 
